Orbit determination (OD) is crucial for very-long baseline interferometry (VLBI) experiments conducted with RadioAstron space observatory. The signals recorded by the spacecraft and an Earth-based observatory are to be correlated, which requires accurate delay modeling and thus adequate knowledge of the spacecraft trajectory. In this paper we describe an OD method which was used with the RadioAstron mission in order to achieve orbital accuracy sufficient for successful operation of the ground-space interferometer. In addition to standard ground-based tracking the method utilizes additional information on thrusters firings, rotation of reaction wheels and current attitude of the spacecraft obtained via telemetry channel. For the first time we have evaluated performance of spacecraft navigation for the Space-VLBI mission in the context of correlation between signals obtained on the Earth and on the orbit, namely residual values found during correlation processing of more than 5000 data scans recorded over 7 years of the mission. Such data contains information about the orbit errors projected on the direction to the observed radio source.
Introduction
RadioAstron spacecraft featured with 10 metre space radio telescope (SRT) was launched into highly elliptical Earth orbit in July 2011 by means of "Zenit-3F" rocket and "Fregat-SB" upper stage. The main scientific purpose of the spacecraft is to conduct observations of galactic and extragalactic radio sources in conjunction with ground based radio telescopes forming a multi-antenna ground-space radio interferometer with extremely long baselines Kardashev et al. (2013) . The spacecraft also provides a great opportunity to test the Einstein Equivalence Principal with its eccentric orbit and installed precise atomic clocks on the board Litvinov et al. (2018) ; Nunes et al. (2019) .
The SRT operates in four frequency ranges in P-, L-, Cand K-bands. During observations the RadioAstron spacecraft transmits science data to a tracking station on Earth with 1.5m diameter high-gain antenna using 15 GHz downlink signal. The science payload of the SRT includes two separate onboard Hydrogen maser frequency standards (H-maser), one of which, as was found short time after the launch, could not be used due to stability issues. The second H-maser successfully operated since the beginning of the mission until the failure in July 2017 exceeding the warranted time by a factor of two. The science system of the SRT as well as science data transmitting system can use either the H-maser signal as reference or utilize the twoway link with a tracking station. While the onboard H-maser was operational, the first scheme, which does not require uplink from a tracking station, was used in the vast majority of experiments including ones analyzed in this paper.
A C-band radio link is used to control the spacecraft and obtain range and Doppler tracking data for the orbit determination needs. Routine tracking includes observations with 64-m and 70-m antennas located at Bear Lakes and Ussuriysk, which are conducted every 2-3 days. In addition the spacecraft is featured with retroreflector array for precise laser ranging.
The elliptical orbit of the spacecraft has average period of 8.6 days and provides range of the spacecraft geocentric distances from 7.0 to 351.6 thousand km. The orbit of the spacecraft significantly evolves over time because of gravitational pull of third bodies. The variation of the orbital parameters comes with a period of about 2 years and provides various opportunities for Space-VLBI experiments.
Processing of observational data of the ground-space interferometer involves a fringe search procedure, i.e. search of maximum amplitude of the cross correlation function between signals recorded at different telescopes. Finding the correlation is associated with determination of wavefront arrival delay and its derivatives for involved telescopes throughout the experiment. The initial guess for the delay is calculated according to a model, which utilizes trajectories of phase centers of participating telescopes in the inertial frame, offsets and drifts of their clocks, propagation media parameters, etc. To do the fringe search in reasonable time errors of a priori knowledge of these parameters should be quite limited.
In the particular case considered in this paper one of the telescopes is orbiting the Earth. Therefore the major uncertainty of modeled delay and its derivatives is associated with the orbit reconstruction errors of the spacecraft carrying the SRT. The following level of the reconstructed orbit errors is considered acceptable in terms of fringe search performance in experiments with RadioAstron Zakhvatkin et al. (2014) : total position error is less than 600 m, total velocity error is less than 2 cm/sec and total acceleration error is less than 10 −8 m/s 2 . In comparison the requirements on the orbit accuracy for the only previous S-VLBI mission VSOP/HALCA (1σ-level) was 80 m for position, 0.43 cm/sec for velocity and 6 × 10 −8 m/sec 2 for acceleration You et al. (1998) .
Orbit determination of the RadioAstron spacecraft is complicated by limited tracking support and significant nongravitational perturbations caused by the solar radiation pressure (SRP) and autonomous firings of thrusters of the spacecraft attitude control system. In this work for the first time we are using correlation results obtained with S-VLBI mission to test the accuracy of reconstructed orbits. Contrary to the line-of-sight tracking observations this kind of data allows to estimate spatial errors of the spacecraft state vector.
Orbit and dynamics
RadioAstron spacecraft was launched in a highly elliptic orbit with apogee distance varying between 280 000 and 340 000 km and perigee height above 650 km. The orbit undergoes significant evolution over time in both eccentricity and orientation of the orbital plane because of luni-solar gravitational perturbations and Earth's gravitational field during occasional low perigees (see Table 1 ). Initially the specific orbit has been chosen to provide opportunities for observation of the variety of most important galactic and extragalactic radio sources with different baseline projections and phase angles. Orbital evolution happens without intentional maneuvers. Only three trajectory correction maneuvers has been performed so far. Their goal was to prolong orbit lifetime preventing reentry during next local minima of perigee height and to prevent unacceptably long shadowing of the spacecraft.
Except for rare moments when the spacecraft is moving near a perigee and perigee height is close to its local minimum the major perturbing accelerations are due to gravitational pull of third bodies and non-gravitational accelerations. The latter is less predictable and appears the main source of errors when modeling the dynamics of the RadioAstron spacecraft. Among non-gravitational perturbations solar radiation pressure has the greatest impact on the orbit. Because of 10 metre antenna of the SRT area to mass ratio of the spacecraft can reach 0.03 kg/m 2 with acceleration due to SRP up to 2·10 −7 m/s 2 for certain attitudes with respect to the Sun. The account for the SRP in the dynamics of the RadioAstron spacecraft is complicated by the fact that its attitude is determined by the observed radio source and may change significantly within several hours.
In addition to direct acceleration SRP produces the major part of perturbing torque. Attitude control of the RadioAstron spacecraft, which includes compensation of external torques, is implemented with reaction wheels. The spacecraft attitude in the inertial space roughly can be described as piece-wise constant -most of the time the spacecraft is not rotating and external torques are compensated by reaction wheels, and all the attitude changes happen in relatively short time. The motion around the center of mass has been touched because its perturbations are coupled with ones on the motion of the center of mass. Several times a day angular momentum accumulated by reaction wheels reaches the critical values where it is no longer possible to parry external torque further accumulating angular momentum or to perform upcoming attitude change. Every such an event is followed by a desaturation of the angular momentum of reaction wheels, during which reaction wheels nearly stop and resulting rotation of the spacecraft is prevented by means of thrusters. Every desaturation produces net Delta V of 3-7 mm/s and the total effect of velocity change over time is comparable to the one of direct SRP and therefore must be taken into account.
To take proper account for the SRP in the dynamics of the center of mass of the spacecraft we developed an adjustable model which allows to calculate both perturbing acceleration and torque for a given attitude with respect to the Sun Zakhvatkin et al. (2014) . The SRP model utilizes simplified model of spacecraft surface consisting of SRT parabolic antenna, solar panels and spacecraft bus. Coefficients of reflectivity α 1 and specularity µ 1 are associated with sunlit surfaces of the antenna and spacecraft bus, coefficient of reflectivity α 2 -with the surface of solar panels. The force and torque due to SRP in the spacecraft fixed frame according to the model are as follows
Here s is the Sun vector, F() and M() in the right handed parts of Equations (1) and (2) represent force and torque contributions from different parts of the spacecraft and different types of reflection: subscript A,B relates to the antenna and the spacecraft bus, S P -to the solar panels, superscripts d , s and a determine diffuse reflection, specular reflection and absorption of solar radiation respectively. Functions of force and torque components in the right handed parts of Equations (1) and (2) depend only on position of the Sun s, therefore they are tabulated for various Sun angles to speed up the integration of equations of motion. The complete dynamic model which is used to describe the orbital motion of the RadioAstron spacecraft is given in Table 2. Between the events of desaturation (momentum dump) the spacecraft moves passively and every event of desaturation is associated with certain Delta V vector. Initial values of velocity change vectors are calculated using known attitude of the spacecraft and target Delta V value for each thrusters' firing during the desaturation provided by the attitude control system via telemetry.
Tracking and onboard observations
Observational data that is used in the RadioAstron orbit determination comes from different sources. The main one is standard radio tracking consisting of sequential ranging and Doppler observations conducted at C-band. This tracking is performed in two-way mode with 64-m antenna at Bear Lakes and 70-m antenna at Ussuriysk, sessions generally last several hours and are separated by 1-3 days from each other. Frequency of those sessions is much lower than one of reaction wheels' desaturations, which makes it hard to achieve required accuracy of orbit determination using only this type of data.
Other type of radio tracking observations which has a great value for navigation of the mission is closely connected to observations of the SRT. The spacecraft is not capable to store onboard all the data the SRT receives. Thus the observational data is directly transmitted to Earth via spacecraft's high-gain antenna during every experiment. The downlink carrier is generated using either reference signal from the onboard H-maser or the uplink carrier provided by a tracking station on the Earth. The tracking stations capable to receive and record RadioAstron downlink are located in Pushchino, Russia (PRAO) and Green Bank, USA (NRAO). In addition to the recording the tracking stations perform frequency measurements of received downlink signal, thereby providing accurate Doppler observations. RadioAstron downlink always consists of 8.4 GHz and 15 GHz carriers, the latter is modulated with data signal and the former is held unmodulated. Until the failure of the second onboard H-maser in July 2017 the tracking stations by default have not provided uplink signal to the spacecraft. Therefore almost all Doppler observations obtained by Pushchino and Green Bank stations up to that time are one-way.
A comparison of a posteriori estimated accuracy of radio tracking observations is shown in Table 3 . One-way observations at Pushchino and Green bank have overall better accuracy and despite bearing an uncertainty due to onboard H-maser clock frequency offset provide great assistance to orbit determination.
Radio tracking of RadioAstron is supplemented by a tracking in optical band. Routine optical angular observations are conducted by a number of observatories including ones of the ISON collaboration, Roscosmos facilities, MASTER network and many others. More than 40 different telescopes have observed the spacecraft so far providing optical measurements of right ascension and declination of the spacecraft.
Much more accurate but significantly less frequent are laser ranging observations of the spacecraft. RadioAstron is featured with a retroreflector array which makes it possible to obtain laser echoes from the spacecraft when it is in specific orientation. Because of rather strict attitude requirements Ra-dioAstron laser ranging interferes with S-VLBI observations. This along with distances to the spacecraft, which are often beyond the capabilities of the majority of SLR tracking stations, obstructs frequent laser ranging. So far successful ranging has been performed by the following observatories: Grasse (France), Kavkaz (Russia), Yarragadee and Mt. Stromlo (Australia), Wettzell (Germany).
A test of applying the Planetary Radio Interferometry and Doppler Experiment (PRIDE) based on the near-field VLBI technique for the OD purpose was conducted during the inorbit checkout of the RadioAstron mission Duev et al. (2015) . The technique has demonstrated a potential for improving estimates of the spacecraft state vector. However, PRIDE operations for RadioAstron would require massive involvement of ground based telescopes observing at X-and Ku-bands as well as processing facilities. These efforts deemed to be unnecessary for major mission science tasks while other traditional OD techniques proved to be sufficient.
Several types of onboard observations and products proved to be helpful in the dynamics modeling and orbit determination of RadioAstron. Information about spacecraft attitude and firings of attitude control thrusters is essential for modeling perturbation due to SRP and Delta V due to reaction wheels momentum dumps. Additional onboard observations, which implicitly contain information about the dynamics of the spacecraft center of mass and therefore are used in OD are observations of reaction wheels' rotation speeds.
Dynamics of the center of mass and rotation of reaction wheels, i.e. attitude dynamics, are related to each other by the action of SRP. Given that the spacecraft attitude is the same at t 1 and t 2 and rotation with respect to an inertial frame is absent the change of the angular momentum can be represented in a body-fixed frame as
where I i is the moment of inertia of i-th wheel, a i -its axis of rotation, Ω i (t) -angular velocity of the wheel and M(t) is perturbing torque. Commonly SRP is the only major source of perturbing torque which is responsible for the change of angular momentum of the reaction wheels. Thereby Equation (3) 
Corresponding computed value of SRP torque is expressed by Equation (2). The computed value depends on introduced SRP coefficients therefore observations of reaction wheels' rotation speeds contain useful information which otherwise may only be obtained from the orbital dynamics of the RadioAstron.
Orbit determination technique
According to described above dynamic model of the Ra-dioAstron spacecraft its orbital motion is determined by the following parameters Q d = {X(t 0 ), α 1 , µ 1 , α 2 , ∆v 1 , . . . , ∆v n } consisting of initial state vector of the spacecraft, SRP coefficients and n vectors of velocity change due to desaturations of reaction wheels given n events of momentum dump occurred over orbit determination interval. Among kinematic parameters, affecting only computed values of observations, there are session-wise range biases and relative frequency offset of onboard hydrogen maser. The latter affects one-way Doppler observations conducted by a tracking stations, since certain downlink frequency has to be assumed on processing.
Orbit determination itself has been performed using batch least squares estimator. The functional to minimize is as fol-
The first term in Equation (5) The second term in Equation (5) contains sum of squares of residual torques observed and computed values of which were described in the previous section (see Equations (4) and (2)). The covariance and corresponding weight matrices P j S RP can be estimated using Equation (4) and estimated errors of determination of rotation speeds of reaction wheels and alignment of their axes. Yet in practice the weight had to be adjusted to the accuracy level of about 2 · 10 −6 N·m·s, since the model of perturbing torque described above is rather simple and hinders matching the actual accuracy of the observations. Fig. 1 shows how modeled torque in general agrees with observational data. As seen from the figure relative agreement of X and Z components is significantly lower than one of Y component, but the latter holds the major part of the torque and about an order of magnitude greater than the others.
The last term of Equation (5) takes into account a priori information about Delta V due to desaturations. For each event of desaturation the value of net ∆v 0 i is calculated using information about every occurred thruster firing namely a duration, fuel tank pressure and a priori thrust model. Each weight matrix P i in (5) is an inverse of covariance matrices given by
Here, e is the unit vector of ∆v which has the same direction as X-axis of the spacecraft, E is identity matrix of size 3, σ m is the error of the estimated ∆v magnitude, and σ d is the error In reality the functional is not limited to the one in (5). It accounts also for a priori information on range biases and onboard frequency offset. The problem of finding optimal estimate of orbital parameters is solved iteratively with standard methods.
ASC correlator overview
The main users of the obtained orbit solutions are correlators involved in a processing of the data received by the spacecraft and ground based VLBI stations during experiments with Ra-dioAstron. The correlator having the largest statistics of processed experiments belongs to Astro Space Center of Lebedev Physical Institute (ASC LPI) Likhachev et al. (2017) the leading organization of the RadioAstron project. Our goal is to evaluate orbit determination accuracy using the correlator's output and compare it with another estimates.
The ASC Correlator is an FX software correlator that was developed in ASC LPI to support the data processing of RadioAstron mission. Practically all the observations of RadioAstron (≈ 95%) are processed using the ASC Correlator.
Correlation procedure for the Space-VLBI is performed into two steps. It is caused by the presence of orbit determination uncertainties that could complicate the fringe search. The first correlation pass is performed in so-called wide window as the orbit determination errors could lead to the increase of the residual delay, delay rate and delay acceleration. The window size along the delay is determined by the number of spectral channels while along the fringe rate it is determined by the integration time. Both parameters are set up before the correlation and can be easily adjusted. After the fringe was found, the second correlation pass is performed in smaller window taking into account the residual delays.
Additionally, observing at several frequencies simultaneously could help for the fringe search. In case the correlation was found at longer wavelengths the residuals can be applied for the correlation of shorter wavelengths.
The delay model for ground VLBI doesnt account for the issues related to the orbit. Delay rate for the space radio telescope operating in elliptical orbit around the Earth depends not only on the relative velocity of the telescopes, but also on the offset of two-way PLL or the clock frequency offset of the onboard H-maser. The latter, as it turned out, could result in delay rate as high as 30 − 35 ps/s. The peculiarity of the ASC Correlator is the delay model OR-BITA2012. This delay model developed for the ASC Correlator has higher accuracy for the calculation of signal propagation delay between the space radio telescope and ground tracking station. This delay is calculated to the 2 nd order of Taylor, which allows decreasing of the resulting correlation window size for the first correlator pass. Moreover, the delay model used for RadioAstron correlation also accounts for the delay acceleration compensation.
The post-correlation data reduction for all experiments considered in this paper was done using PIMA package Petrov et al. (2011) . It includes baseline fringe fitting, bandpass and amplitude calibration, averaging and as the byproduct more accurate values of group delay, delay rate and delay acceleration.
Orbit determination results
The orbit determination algorithm outlined in this paper has been implemented and used by Keldysh Institute of Applied Mathematics (KIAM) to supply the RadioAstron users with a posteriori orbit data required for the correlation of the signals observed by the RadioAstron spacecraft and ground based observatories. All the experiments with the RadioAstron since 2014 primarily used that orbit data for correlation. Significant part of experiments conducted before 2014 has been recorrelated using new orbit data. A statistically significant correlation found between signals recorded at the RadioAstron spacecraft and at a ground based VLBI station yields residual values of delay, delay rate and delay acceleration. In this paper we will focus on the delay rate data only for the following reasons. The indirect synchronization (by means of a tracking station) of the RadioAstron time tagging with UTC, non zero probability of inconsistent UTC synchronization parameters of VLBI stations and significant orbit unrelated sources of residual delay rate make it difficult to separate geometrical residual delay due to orbit errors from the delay due to clocks of the involved ground, space and tracking stations with high degree of certainty. On the other hand the causes of the residual delay rate are much more predictable. Synchronization via a tracking station does not affect delay rate since additional delay caused by it remains constant during the processed scan. Clock drift for a ground based VLBI station can be assumed significantly smaller than observed residual delay rate and in any case can be estimated from fringe search on ground-only baselines if the experiment involved more than one GRT. The spacecraft clock drift can be estimated independently during orbit determination process. Fig. 2 shows residual delay rates obtained by the ASC Correlator on experiments with RadioAstron which have been carried up to early 2017. Each dot corresponds to significant in terms of SNR correlation detection between RadioAstron and one of the largest ground based antennas, including Arecibo, Effelsberg, GBT, Westerbork, Yebes and others, obtained using two different versions of reconstructed orbits. Version 2 designates orbits determined using the algorithm outlined in this paper. Version 1 orbits were obtained using generic OD method and simpler dynamic model of the spacecraft. These orbits were calculated using simple cannonball SRP model, which ignores SRP dependence on the attitude, in addition velocity increments due to momentum dumps were applied using a priori value ∆v 0 i but not estimated during OD.
All the experiments related to Fig. 2 were conducted in the so called "one-way mode" in which two following important conditions are met: all science systems on the spacecraft obtained reference signal from the onboard H-maser, the reference signal for the downlink carrier, which is used to transfer the science data from the spacecraft to a tracking station, is also generated using reference H-maser signal.
In the data represented in Fig. 2 the RadioAstron spacecraft is always considered as the first antenna while a ground based telescope as the second one. Residual delay rates obtained using orbits (version 1) produced with the generic algorithm which was primarily used before 2014 are depicted with red color, the rates obtained with orbits (version 2) produced by the algorithm described in this paper (which further will be referred to as version 2) are colored with blue.
Variations of the residual delay rates achieved with version 2 algorithm are substantially lower than ones obtained with generic algorithm. Corresponding RMS values of delay rates are equal to 2.463 × 10 −11 and 1.097 × 10 −10 for version 2 and version 1 orbits respectively. Residual delay rates obtained with version 2 orbits however are biased with respect to zero, their average value is 1.663×10 −11 ; they also demonstrate something similar to long-term linear trend (see Fig. 3 ). This indicates a systematic effect, which is hardly related directly to the orbit errors, since the residual values were obtained with large number of independent orbit solutions in experiments with different combination of baselines and observed radio sources. Let us consider the impact of the orbit errors on the calculated value of group delay used by a correlator. Denote geocentric spacecraft tracjectory provided by a reconstructed orbit as X(t) = (r 1 (t) T , v 1 (t) T ) T , true geocentric trajectory as X(t) = (r T 1 (t), v T 1 (t)) T and thier difference as δX(t) = X(t) − X(t) = (δr 1 (t) T , δv 1 (t) T ) T .
In the case when one of the stations is orbiting the Earth the difference between Geocentric Coordinate Times (TCG) corresponding to the signal arrival to the satellite and to the ground based station can be calculated using the Equation (11) from Vlasov et al. (2012) . With the notation made the equation will be as follows:
Here, vectors r i (t), v i (t), a i (t) are geocentric position, velocity and acceleration respectively of i-th participant, t i is the TCG time of wavefront arrival at i-th station, K is a unit vector directed from the barycenter to the observed source in the barycentric system, b = r 1 (t 2 ) − r 2 (t 2 ) is the geocentric baseline vector evaluated at TCG t 2 , V ⊕ , A ⊕ are barycentric velocity and acceleration of the geocenter evaluated at barycentric arrival time T 2 , V is the sum of the Newtonian potentials of all bodies of the Solar system except the Earth at the geocenter, ∆t grav is the gravitational delay and ∆t m is the additional delay due to signal propagation in media.
We represent the correction to the delay (6) due to orbit inaccuracies as a function of δr 1 (t 2 ) and δv 1 (t 2 ). Retaining the terms of the order up to c −2 and assuming δa 1 (t 2 ) ≡ 0 the correction to the delay is as follows:
The correction to computed delay rate is the time derivative of Equation (7). Assuming the requirements on the orbit accuracy mentioned in Section 1 are met the correction to the TCG delay rate, which accounts for the orbit errors, can be simplified to the following expression with accuracy better than 10 −14 :
where k = K/(1 + 1 c (V ⊕ + v 1 (t 2 )) · K) is the source vector with the aberration factor.
The actual delay used by the correlator is the difference of intervals of proper time of the stations between synchronization and signal reception. Thus the estimate for TCG delay rate represented in Equation (8) may be insufficiently accurate, especially in the case when one of stations is orbiting the Earth. Assuming station clocks were synchronized at t s the delay should be as follows
where U(r) is the Newtonian potential of the Earth at the position r, V is the sum of the Newtonian potentials of all bodies of the Solar system except the Earth. Tidal potential for the ground based station (#2) has been neglected in Equation (9) as Petit and Luzum (2010) recommends. Similar to Equation (7) the correction to the delay (9) can be represented as the following function of corrections to the spacecraft state δτ(δr 1 , δv 1 ) =δτ 0 (δr 1 , δv 1 ))
where the tidal term, which can be approximated with
∂R i ∂R j r i r j , has been neglected because with the Ra-dioAstron orbit and assumed orbit errors this term provides delay rate lesser than 10 −19 . Correction to the delay rate then is given by
Two last terms in the right handed part of Equation (11) can result in the delay rate correction up to 10 −13 assuming that the orbit errors are not greater than the values noted in Section 1. The correction to the delay rate due to the orbit errors combined with a correction due to the spacecraft clocks with the accuracy better than 10 −13 will be as follows (12) where h 1 (t) is the spacecraft clock drift due to onboard H-maser clock frequency offset, h 2 (t) is the station clock drift. The accuracy of Equation (12) is sufficient to investigate spacecraft velocity errors since the errors are supposed to exceed the accuracy by several orders of magnitude. Thus, given that the position and velocity of the ground based station (#2) are known much better than the state of the spacecraft and errors in modeling the propagation media on the delay rate are less than 10 −13 Equation (12) can be used to express total delay rate error if the accuracy 10 −13 is sufficient.
Delay model implemented in the ASC Correlator assumes that the spacecraft and station clocks are ideal, i.e. h 1 (t) ≡ 0 and h 2 (t) ≡ 0. Therefore any instrumental effect affecting the clock drift if present would manifest itself in the resulting delay rates provided by the correlator.
Assuming absence of other systematic effects each data point showed in Fig. 2 corresponds to evaluation of Equation (12) at a certain time on a certain a priori orbit (since residual value includes calculated delay rate with negative sign) plus an error of delay rate determination via correlation itself. That is after tacking account for the drift of the onboard and station clocks the data on Fig. 2 will represent according to Equation (12) spacecraft velocity error projected on the direction of observed source.
We are lacking information about clock drift at participating ground stations, and therefore have to assume that the actual value of h 2 (t) is within reasonable limits beyond accuracy of Equation (12). In other words any clock drift of participating ground stations will be treated as part of velocity error of the spacecraft. Onboard clock drift h 1 (t) can be estimated using independent one-way Doppler observations.
We have emphasized above that all the experiments, correlation in which is analyzed, have been conducted in the mode where both spacecraft clocks and downlink carrier transmitted from the RadioAstron spacecraft to a tracking station uses H-maser signal as reference. A tracking station measures frequency of the received downlink, thereby providing one-way Doppler observations. These observations are used by the OD team in addition to the data provided by standard tracking techniques.
In order to properly fit one-way Doppler during OD we had to take into account frequency biases of both H-masers participating in an observation: spacecraft H-maser and H-maser of a tracking station. We estimated the relative frequency bias of the spacecraft downlink, and thus H-maser, along with other orbit parameters during OD. For a tracking station we used a priori value of frequency bias derived from long-term series of measured difference between station local time and GPS time.
The values of the spacecraft H-maser relative frequency bias obtained during OD are shown in Fig. 4 . On more than 4 year time span the bias demonstrates close to linear change over time. In late October 2014 an accident occurred during which the onboard H-maser experienced power surge every time the C-band transponder was turned on. Before the accident the frequency bias has been assumed constant on the whole orbit determination interval. After the accident the frequency bias has been separately estimated for every interval between Cband transponder switching, which usually coincided with radio tracking from Bear Lakes or Ussuriysk stations. It explains the change of the data points density on Fig. 4 before and after October 2014.
Using the connection between downlink carrier and spacecraft clocks we can assert that ∆ f / f = h 1 and use the determined value of relative frequency bias to correct residual delay rates according to Equation (12). The residual delay rates before the correction are shown on Fig. 3 . The residuals after application of the estimated clock correction are shown on Fig. 5 . After the correction the RMS of residual delay rates reduced to 1.239 × 10 −11 and its mean value reduced from 1.663 × 10 −11 to 3.735 × 10 −12 .
The residual delay rates corrected for the spacecraft clock ARECIBO  ATCA-104  BADARY  CEDUNA  DSS63  EFLSBERG   EVPTRIYA  GBT-VLBA  HARTRAO  HOBART26  IRBENE  JODRELL2   KALYAZIN  MEDICINA  MOPRA  NOTO  PARKES  SVETLOE   TIANMA65  TORUN  USUDA64 WSTRB-07 YEBES40M ZELENCHK Figure 5 : Residual delay rates with the correction for the onboard H-maser clock frequency offset drift should represent a projection of spacecraft velocity error to the direction of observed radio source according to Equation (12) . However the resulted values still have significant systematic expressed in biased average value of 1.12 mm/sec in terms of velocity and noticeable variations with period about 1 year. Histogram of the data is shown on the left part of Fig. 7 . More detailed investigation of the data showed on Fig. 5 with Lomb-Scargle periodogram reveals that in addition to annual variations residual delay rates change with an average period of 8.8 days (see Fig. 6 ), which is close to the average orbital period.
The periodic variations seen on Fig. 5 and confirmed on the left side of Fig. 6 present in the original data and have not been introduced with the clocks correction h 1 (t). In attempt to find cause of the periodicity in the delay rates corrected for the spacecraft clock drift we tried several hypotheses.
We found that the systematic in the residual delay rates could be noticeably reduced with the following correction
Here U is the Newtonian potential of the Sun, R is the barycentric position of the RadioAstron spacecraft during an experiment and R ⊕ is the barycentric position of the geocenter. The residual delay rates after application of the correction (13) are shown on Fig. 8 . In addition to overall reduction of delay rate variations this correction shows that a part of data points corresponding to correlation between the RadioAstron spacecraft and Torun telescope have bias about −1.9 × 10 −11 , which is probably related to the VLBI station clocks.
After excluding the Torun data points (8.2% of all data) the mean value of residual delay rates of the rest data set on Fig. 8 has reduced to 4.387 × 10 −13 and its RMS to 9.573 × 10 −12 . The residual rates also became less biased as could be seen comparing histograms on the left and right parts of Fig. 7 .
To investigate further statistical properties of the residual delay rates showed on Fig. 8 we excluded the data corresponding to experiments conducted in summer, i.e. between 1st of June and 1st of September. These experiments make up 10.4% of the data, but, as can be seen at Fig. 8 , give much higher residual delay rates -with RMS equal to 2.307 × 10 −11 , which is more than 5 times higher than one for the rest of the data. Lower orbit determination accuracy is definitely one of the main reasons for summer experiments having larger residual delay rates. The number of experiments with the RadioAstron drops significantly during summer because of many factors the major of which are due to constrains on the spacecraft attitude with respect to the Sun and thus on visibility of radio sources of in-terest. The lack of experiments reduces the amount of Doppler data from tracking stations available to the OD team which in turn affects the orbit accuracy. The residual delay rate data with excluded summer experiments and several outliers (1.15% of the initial data points larger than 5σ threshold) make up 88.4% of the initial data set. Residual delay rates within this set have mean value equal to 4.428 × 10 −13 and RMS equal to 4.255 × 10 −12 . This corresponds to the standard deviation of the spacecraft velocity error projection k · δv 1 equal to 1.275 mm/s.
We have obtained an estimate of the spacecraft velocity error projection onto the observed source direction k · δv 1 under the assumptions that the clock drift of participating ground based VLBI station is small, the spacecraft clock drift is equal to the estimated value of relative frequency bias of the spacecraft Hmaser and correction (13) is required to remove systematic error probably caused by inconsistencies in orbit or VLBI delay models. In order to obtain more information about spacecraft velocity error δv 1 rather than its projection k · δv 1 we represented the residual delay rates as a function of the angle α between direction k and direction to a tracking station during an experiment.
Since every experiment within this data set has been supported with simultaneous Doppler observations from a tracking station we can assume that the largest velocity errors in reconstructed orbits are expected along the directions orthogonal to the direction to a tracking station, and contrary, errors should be the smallest for directions, which are close to the direction to a tracking station. In contrast Fig. 9 shows that dependence of the velocity error δv 1 (evaluated along direction k) on the angle α is rather weak. Probable reason for this is that corrected residual delay rate, and thus k · δv 1 , contains errors due to inaccurate estimation of the onboard clock drift h 1 (t) and assumption on the ground station clocks h 2 (t) ≡ 0, which do not depend on the direction k. From that we can estimate the velocity error along the "worst" directions. To obtain the value we picked the experiments where 75 • ≤ α ≤ 105 • . For those experiments the RMS of k · δv 1 is 1.359 mm/s. Assuming the spacecraft velocity is determined better along other direction the error ellipsoid of δv 1 vector is limited by covariance matrix diag(1.85 mm 2 /s 2 , 1.85 mm 2 /s 2 , 1.85 mm 2 /s 2 ).
To obtain independent estimate of the error we performed a comparison of 55 independent adjacent orbit solutions from 2014 to 2018 for discontinuity in velocity. Given that the one solution was obtained on the interval (t 1 , t 2 ) and the other one on the interval (t 2 , t 3 ) the comparison of the determined spacecraft state vector was performed at the time t 2 . The evaluation time t 2 is either the beginning or the end of an OD interval and unlike times of residual delay rates does not correspond to any tracking activity. Therefore state vectors of the spacecraft compared at t 2 contains additional prediction errors.
The 3D RMS of velocity difference at 54 examined points turned to be 4.38 mm/s. As well as residual delay rates velocity differences show significant increase in summer months because of lack of tracking data. Subset of this data with excluded summer points shows 3D RMS of 3.58 mm/sec on 42 data points.
However the considered difference is the difference between orbit errors of two independent orbit solutions, therefore its variance is described by the sum of variances of both solutions. Thus we consider that the estimated 3D RMS of the velocity error of a single orbit solution is equal to 3.10 mm/sec when averaging all the data and 2.53 mm/sec if summer months are excluded.
The estimate of the spacecraft velocity error obtained via orbit discontinuity analysis is similar to one obtained with residual delay rates, however we expected the former to be higher. It may indicate that after performed corrections to the correlator data clocks related errors still make up substantial part of the residual delay rates resulting in overestimation of the velocity error.
Discussion
Obtained estimate of velocity errors seems reasonable and self-consistent. However in order to extract it from the residual delay rate data we performed two major corrections to the data. The first one corresponds to taking into account instrumental drift of the spacecraft clocks. It is justified because the downlink frequency bias (related to the spacecraft H-maser frequency bias) becomes evident when one-way Doppler data are processed along with two-way range and Doppler observations of the spacecraft. And the delay model of the ASC Correlator assumes the clocks are ideal. This correction however also introduces additional errors to the data since downlink frequency bias is determined not precisely during OD.
The second correction described by Equation (13) greatly improves the residual delay rates by removing significant part of systematic error. We presume that the source of this error is in either orbit related models or the delay model used by the correlator or both. Investigation of the physical cause behind this corrections is beyond the scope of the present work and would require a deeper insight in the experimental data accumulated by the mission.
Residual delay rates allowed us for the first time to get absolutely independent estimate of the spacecraft velocity error in S-VLBI mission. The estimate is not limited to the line-of-sight direction, instead we have tested the velocity in the variety of directions as Fig. 9 shows.
The estimates of orbit reconstruction errors for the only previous S-VLBI mission VSOP/HALCA given by You et al. (1998) , even if obtained with different methods, show overall better orbit accuracy level than one of the RadioAstron. The limiting factors for the latter are lack of tracking support and greater area of the spacecraft (10-m solid antenna vs 8m mesh antenna) leading to greater non-gravitational forces. VSOP/HALCA was tracked by a larger number of tracking stations, each possibly with better instrumental stability than those involved in RA. Insufficiency of the RadioAstron tracking support is confirmed by comparison summer orbits, determined using almost only C-band tracking data, with the rest of the orbits obtained with prevailing X-, Ku-bands Doppler.
Conclusion
In this paper we outlined the method of the RadioAstron orbit determination which is used for provision of the primary orbital information for the RadioAstron data users. The method incorporates the developed SRP model which allows us to utilize onboard observations of accumulated angular momentum of reaction wheels improving thereby the knowledge of the dynamics of the spacecraft center of mass. We tested the accuracy performance of the OD method using residual delay rates data provided by the ASC Correlator as a result of processing the observational data from VLBI experiments with RadioAstron. We found that the described method provides up to 11 times more accurate solutions in terms velocity and delay rate than initially used method, which utilized simplistic SRP model. Using the residual delay rate data we have obtained the estimate of the standard deviation for every component of the spacecraft velocity error. The residual delay rates obtained in non-summer experiments, which make up 88.4% of all data, have shown that standard deviation of the spacecraft velocity error in those experiments is less or equal to 1.359 mm/s for every component of the velocity. Obtained results are consistent with independent a posteriori estimate of the orbit error via analysis of velocity discontinuity in adjacent orbit solutions.
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